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Prescott et al. take a step forward in studying primate morphological evolution by a cellular anthro-
pology approach. Through epigenomic profiling of in-vitro-derived cells, the authors identify and
characterize candidate cis-regulatory elements underlying divergence in facial morphology be-
tween human and chimp, shedding new light on what makes us (look) human.The difference between human genomic
sequence and that of the chimpanzee is
surprisingly small (< 2%), yet we differ
greatly in appearance from our closest
living relative. Although one could argue
that the most discriminating feature is
the human’s cognitive ability, we all would
probably distinguish humans from chimps
in an instance by just a brief glance at
their faces. It is therefore interesting and
important to study the genes and DNA
sequence changes involved in defining
and creating our faces and how they differ
between individuals and between chimps
and humans.
It was suggested 40 years ago that the
observed differences in physical appear-
ance, cognition, and behavior arise from
changes in genomic regulatory elements
that control gene expression rather than
changes in protein-coding regions them-
selves (King and Wilson, 1975). Today,
the availability of genomic sequences
and the advancements in genome-wide
mapping of candidate regulatory ele-
ments provide the means to test this
hypothesis and address the functional
outcome of the sequence divergence
(Carroll, 2008). In this issue, Prescott
et al. shed light on how the distinct human
and chimp facial characteristics might
arise through changes in cis-regulatory el-
ements by a comprehensive comparative
epigenomic profiling of an in-vitro-derived
embryonic cell type: the cranial neural
crest cells (CNCCs) (Prescott et al., 2015).
CNCCs arise during neural tube forma-
tion in early embryogenesis and migrate
to the developing head, where they
differentiate into nerves, bones, cartilage,
and connective tissue, establishing the
facial morphology (Santagati and Rijli,
2003). Qualitative and/or quantitative
differences in gene expression in these24 Cell 163, September 24, 2015 ª2015 Elsecells might thus directly affect the shape
of the face, contributing to inter- and
intra-species variation in appearance
and other CNCC-related human traits.
Following a strategy of comparative epi-
genomic profiling applied previously in
mammalian cell lines and organs (Villar
et al., 2015) and primate corticogenesis
(Reilly et al., 2015), Prescott et al. use
the in-vitro-derived human and chimp
CNCCs—a tightly matched pair of orthol-
ogous cell types—and map several
transcription factors and histone modifi-
cations genome wide to predict distal-
acting regulatory elements, also known
as enhancers (Figure 1). Using estab-
lished enhancer-associated chromatin
characteristics, including p300 binding,
chromatin accessibility, and increased
H3K4me1/H3K4me3 ratio (Shlyueva
et al., 2014), the authors predict CNCC
enhancers genome wide. They further
use H3K27ac as a predictor of enhancer
activity to assess species-specific bias
and identify cis-regulatory elements with
putative functional divergence.
To exclude experimental and intra-
species variability, Prescott et al. use cells
derived from two chimp individuals and
three humans. The high similarity between
human and chimp genomic sequence
further allows the authors to map reads
from each species to both reference
genomes, which circumvents problems
that might arise during coordinate transla-
tion based on whole-genome sequence
alignments but potentially restricts the
analysis to the more conserved parts of
the genome. With this approach, Prescott
et al. predict 14,500 CNCC enhancers,
of which 13% showed species-biased
H3K27ac enrichment, about half for hu-
man or chimp, respectively. The func-
tional relevance of identified species-vier Inc.biased enhancers is supported by the
observation that nearby genes, which
are enriched for craniofacial functions,
are more likely to be differentially ex-
pressed, with the direction of expression
change being in agreement with the
enhancer bias. Indeed, testing nine
chimp-biased and eight human-biased
enhancers by luciferase assays suggests
that >80% of the candidates have spe-
cies-biased enhancer activity. Together,
this supports the notion that quantitative
modulation of enhancer activity is the
main source of functional divergence
between closely related species. It will
be interesting and important to explore
how many of the almost 2,000 species-
biased candidates differ in enhancer
activity (Arnold et al., 2014) and cause dif-
ferential expression of their target genes.
To assess the activity of predicted
enhancers in vivo, the authors tested
several species-biased CNCC enhancers
in mouse embryos and showed their
differential activity in head and face re-
gions. This further demonstrates that the
respective cell types exist also in mice
and that the enhancer divergence is a
result of sequence changes between hu-
man and chimp and not the differences
in trans-regulatory environments of their
CNCCs. This is in line with the model
that the evolution of morphological diver-
sity is driven by cis-regulatory mutations
that affect developmental expression
patterns (Carroll, 2008). Prescott et al.
further explore sequence features under-
lying enhancer divergence with a focus
on transcription factor (TF) binding sites,
which are central to enhancer function.
They show that species-biased en-
hancers harbor very few (three to six) sub-
stitutions that nevertheless cause dra-
matic changes in chromatin signatures
Figure 1. The Cellular Anthropology Approach
By deriving cranial neural crest cells (CNCC) for both human and chimp
in vitro, Prescott et al. gain insight into the gene regulatory processes that
lead to the establishment of species-specific facial morphology during
embryogenesis (Prescott et al., 2015). Through epigenomic profiling of
these cells, the authors identify distal-acting regulatory elements, known as
enhancers, that show species-biased activity and likely drive species-
specific CNCC gene expression. The observed epigenomic divergence
allows them to link sequence changes in cis-regulatory elements with changes
in gene expression that underlie differences between the human and
chimp face.associated with active en-
hancers if they affect binding
sites of key TFs, emphasizing
these TFs’ importance for
gene expression in CNCCs.
The authors make an impor-
tant distinction between TF
motifs that are depleted in
species-biased enhancers
likely due to selective pres-
sure, as they play a central
role in establishing CNCC
identity, and those that are
enriched and thus more likely
involved in regulating spe-
cies-specific CNCC gene
expression.
Among the later group, a
novel binding motif stands
out as highly enriched in
divergent enhancers and
shows strong correlation with
enhancer activity. Interest-
ingly, this coordinator motif,
as the authors termed it, is
present in species-biased en-
hancers of both human and
chimp, and the motif strength
in either species correlates
with H3K27ac levels. The
coordinator motif is therefore
not species specific but is
redirected in a species-spe-
cific fashion to distinct sets
of enhancers that likely re-
gulate different subsets of
genes and drive the diver-
gence of primate CNCCsand their descendants. Considering that
the coordinator motif is a combination
of two very prominent binding sites,
the E-box and homeodomain binding
motif that are both bound by many
different TFs, it will be interesting to iden-
tify the specific TFs that bind to the coor-
dinator. These TFs likely play a more
general role in CNCCs and in estab-
lishing facial morphology and are through
mutations that modulate their binding
sites at divergent enhancers deployed
to regulate species-specific CNCC ex-
pression patterns.
There are several evolutionary mecha-
nisms by which such an extensive
CNCC enhancer divergence might have
emerged in such a short evolutionary
time. Regions of the human genome that
evolve unexpectedly fast, termed humanaccelerated regions (HARs), have been
shown to be involved in regulating hu-
man-specific traits, including the develop-
ment of the human brain (Pollard et al.,
2006). Prescott et al. now show that they
might also be involved in the development
of human-specific facial morphology.
Even though only 20 HARs overlap the
species-biased CNCC enhancers, their
relative enrichment is significant, and
additional HARs might fall into regions
with larger sequence divergence than
those considered here (due to the cross-
mapping requirement). Another important
aspect of cis-regulatory evolution are
transposable elements, whose involve-
ment in gene regulation has long been
postulated (Davidson and Britten, 1979),
and their role in the evolution of regula-
tory elements has been demonstrated inCell 163, September 2multiple studies since. In line
with this, Prescott et al. reveal
significant enrichment of spe-
cific classes of retrotranspo-
sons in species-biased en-
hancers. More than half of
the divergent enhancers over-
lap with at least one of
the major retrotransposon
families, including endoge-
nous retroviruses and L1
elements. As these were pre-
sent in the primate lineage
before human and chimp
separated, they possibly con-
tain progenitor sequences
that evolved into CNCC en-
hancers. Indeed, the authors
show that LTR9 retroele-
ments, which are enriched
at species-biased enhancers,
often harbor a variant of the
coordinator motif indepen-
dently of whether they reside
in CNCC enhancers or
elsewhere in the genome. It
is thus likely that some of
these elements evolved into
CNCC enhancers by acquir-
ing mutations that converted
a progenitor sequence into
a strong coordinator motif
capable of binding key TFs.
Although this gain of function
happened in both species,
the loss of coordinator motif
function is equally likely to
have contributed to enhancerdivergence between human and chimp
through disruption of the original ancestral
motif in one of the species.
Interestingly, the authors show that the
strongly divergent enhancers tend to
cluster along the genome according to
their species bias, forming larger genomic
regions that often overlap genes critical
for facial morphogenesis, which are differ-
entially expressed between human and
chimp. Some of these genes, for instance
PAX3, have been previously associated
with intra-human facial variation and
were implied in the development of facial
malformations. It will be interesting in
the future to link specific regulatory re-
gions and the genes that they regulate to
the different morphological and physio-
logical traits of the human face, which
given the contribution of CNCCs to4, 2015 ª2015 Elsevier Inc. 25
nerves, muscles, and throat cartilages
might even include aspects of verbal
and non-verbal communication. Taken
together, the CNCC enhancers identified
by Prescott et al. represent a compre-
hensive resource for studies of human
evolution and the genetic basis of
variations in facial morphology. Their
work also introduces the concept of
cellular anthropology that, by studying
developmentally relevant cell types
in vitro, attempts to elucidate mecha-
nisms underlying morphological evolu-
tion in primates. Together with the re-
cent advances in molecular paleontology
enabling the sequencing of genomes26 Cell 163, September 24, 2015 ª2015 Elseof extinct close human relatives, these
novel approaches make this a very
exciting time to study human evolution.REFERENCES
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Zeng et al. reveal that the lipolytic effect of the hormone leptin is mediated by sympathetic nerve
fibers that directly ‘‘envelope’’ white adipocytes. Local activation of the sympathetic input to the
fat opens new venues to circumvent central leptin resistance in obesity.In the past 20 years, scientists have un-
covered the mechanisms by which the
hormone leptin affects different brain
areas. Although it is also well known that
central administration of leptin results in
a myriad of effects at the periphery level
(Halaas et al., 1995, 1997), the mecha-
nism of action of these peripheral effects
at the various tissue sites has remained
elusive (Balthasar et al., 2004; Cowley
et al., 2001). In particular, the exact
mode of signaling by which leptin triggers
changes in white adipose tissue (WAT)
function was yet to be identified. In this
issue of Cell, Zeng et al. (2015) resolve
the mystery, showing that the sympa-
thetic nervous system (SNS) is the fine
effector of leptin’s action on WAT.
The authors begin by visualizing the
sympathetic innervation of the inguinal
WAT. Then, applying state-of-the stimu-
lating and inhibiting optogenetic ap-proaches at peripheral sites, they repro-
duce or block, respectively, the effects
of leptin on theWAT (Figure 1). Their study
goes beyond just the delineation of how
leptin triggers lipolysis in WAT. It puts for-
ward an exciting experimental design,
which adapts very advanced and power-
ful techniques to the study of the sympa-
thetic innervation of peripheral tissues, in
this case the WAT. First, they use optical
projection tomography, or two-photon
microscopy, to identify the precise sites
of SNS innervation of WAT in vivo, a feat
that could not be accomplished before.
Then they apply optogenetics to stimulate
axonal projections at the post-ganglionic
level. To date, optogenetic approaches
have been predominantly used to interro-
gate neuronal function in circuits of the
central nervous system. This paper sets
the stage for the application of optoge-
netics to interrogate the functional roleof various peripheral neuronal circuits in
system physiology.
Many efforts have been put forth during
the last decades to identify the type of
innervation that is present in the WAT.
Some studies erroneously postulated the
existence of parasympathetic innervation
associated with the vasculature (Gior-
dano et al., 2006). Conversely, other
studies investigated the role of the SNS
innervation of WAT (Bartness et al.,
2014; Diculescu and Stoica, 1970). It has
been reported that through the manipula-
tion of sympathetic efferents, it is possible
to alter lipid mobilization in different fat
depots (Bartness et al., 2014). Other
studies have shown SNS innervation of
WAT through the use of neuroanatomical
methods, using retrograde tracers and
immunohistochemical analyses (Bartness
et al., 2014; Diculescu and Stoica, 1970).
Nonetheless Zeng et al. are the first to
